Recent hindcast studies in the Amelander Zeegat tidal inlet in the Dutch Wadden Sea have shown the significant influence of currents on the prediction of wave fields by the spectral wave model SWAN. In following current, observations are typically well reproduced, but under strong opposing current, wave heights are significantly overestimated. Ris and Holthuijsen (1996) propose that such overestimations are due to insufficient steepness dissipation of waves on an opposing current gradient. The present paper presents a new formulation for the enhanced dissipation of waves on a counter current gradient which is scaled with the degree of Doppler shifting, and hence steepness increase, due to the current. This expression contains one additional unknown parameter, which is calibrated using laboratory observations. This formulation is suitable for both mature wave fields and young wind sea conditions. Application of this enhanced dissipation term to a data set of Amelander Zeegat field cases shows an improvement for opposing current situations in the tidal channel. For following current, no significant deterioration of results is found. In particular, the results for the young wind sea on the tidal flats are not significantly affected, unlike with the Ris and Holthuijsen (1996) expression.
INTRODUCTION
The Dutch Wadden Sea ( Fig. 1 ) is a complex coastal system that poses significant challenges to nearshore wave modelling. The region is enclosed by a series of barrier islands and the mainland coasts of the provinces of Friesland and Groningen. Tidal inlets are found between the barrier islands, each featuring an ebb tidal delta, one or more main tidal channels, and a complex system of smaller channels and flats extending into the Wadden Sea interior. Apart from the tidal channels, the Wadden Sea interior is shallow and flat, with tidally-modulated depths normally ranging between 0 m (dry fall) and 3 m. Recent hindcast studies with the spectral wave model SWAN (Booij et al. 1999) conducted in the Amelander Zeegat Van Vledder et al. 2008) have shown the significant influence of currents on the prediction of wave fields in the tidal inlets. In following current, observations are typically well reproduced, but under opposing current with strong gradients, wave heights are significantly overestimated. This affects the reliability with which these predictions can be applied in the assessment of safety from flooding. This issue is addressed in the present study. Ris and Holthuijsen (1996) , hereafter RH96, show that SWAN, using the whitecapping expression of Komen et al. (1984) , underestimates wave dissipation in opposing current gradients, leading to a strong overestimation of significant wave heights. This agrees with the model behaviour found in the Amelander Zeegat. Models for enhanced wave dissipation in adverse current gradients have been proposed by RH96, Kirby (1998, 2002) and Suastika and Battjes (2009) . These authors all assume a bore-based breaker model (either Battjes and Janssen (1978) or Thornton and Guza (1983) ), with the mean wave steepness as governing parameter, to be appropriate for modelling the current-induced dissipation. However, Chawla and Kirby (1998) note from experimental observations that current-induced breaking is very different from depth-induced breaking -the breaking is weak and unsaturated, as opposed to the saturated breakers observed in depth-induced breaking. As a practical problem, Ris (1997) reports that the model of RH96 fails under wind-wave growth situations, since young wind waves, being inherently steep, are too strongly dissipated. This approach is therefore unsuitable for field situations that feature a combination of wind growth and current interaction, like the Dutch Wadden Sea. Hence, an alternative approach is necessary for the dissipation of waves on counter current gradients.
In this study, a formulation for the dissipation of waves on adverse current gradients is presented that is suitable for both mature wave fields and young wind sea conditions. It is calibrated and validated for a range of laboratory and field situations.
The enhanced dissipation of waves on counter current gradients is modelled here by means of a saturation-based expression for the whitecapping dissipation. Here the expression of Alves and Banner (2003) , as adapted by Van der Westhuysen et al. (2007) , is applied. It will be shown that the proposed calibration settings for this expression, obtained for wind wave growth conditions, yield too little dissipation on opposing current gradients (as was found for the Komen et al. (1984) expression by RH96). It is conversely not desirable to recalibrate the whitecapping expression for application to current-induced dissipation, as suggested by Chawla and Kirby (2002) , as this will be at the expense of predictions for wind wave growth. Hence, in this study the saturation-based expression is combined with a scaling that enhances dissipation proportional to the degree of steepening of waves by the gradient in the opposing current. The latter process is isolated by considering the effect of currentinduced Doppler shifting on the wave steepness. This paper is structured as follows: Section 2 presents the methodology followed in this study, including the models applied and the case selection. In Section 3, the proposed enhanced dissipation formulation is calibrated and in Section 4 it is validated. Section 5 closes the paper with conclusions.
METHOD
This section presents the methodology of this study. This includes an overview of the action balance equation in SWAN and the additions proposed here (Section 2.1), details of these formulations for enhanced current-induced dissipation (Section 2.2), the model settings applied (Section 2.3), the selection of cases for the calibration and validation of the proposed formulations (Section 2.4).
Additions to the action balance equation
The spectral model SWAN computes the evolution of wave action density N (= E/ , where E is the variance density and the relative radian frequency) using the action balance equation: 
The terms on the left-hand side of Eq. 1 represent, respectively, the change of wave action in time, the propagation of wave action in geographical space (with g c the linear wave group velocity vector and U the ambient current), depth-and current-induced refraction (with propagation velocity c in directional space ) and the shifting of the relative radian frequency due to variations in mean current and depth (with the propagation velocity c ). The right-hand side of Eq. 1 represents processes that generate, dissipate or redistribute wave energy, given by Eq. 2. In deep water, three source terms are traditionally used: the transfer of energy from the wind to the waves, S in ; the dissipation of wave energy due to whitecapping, S wc ; and the nonlinear transfer of wave energy due to quadruplet (fourwave) interaction, S nl4 . In shallow water, dissipation due to bottom friction, S bot , depth-induced breaking, S brk , and nonlinear triad (three-wave) interaction, S nl3 , are additionally accounted for. In the present study, an additional source term is included in Eq. 2, namely a term for the enhanced breaking dissipation of waves on a current, S wc,cur .
Models for enhanced breaking dissipation on counter current
Below, various formulations for steepness breaking (whitecapping) are presented. Firstly, the saturation-based whitecapping expression proposed by Van der Westhuysen (2007) is presented. Subsequently, two formulations for enhanced breaking dissipation on counter current are described, namely the expression of RH96 and the formulation proposed in the present study.
Default saturation-based whitecapping
Van der Westhuysen (2007) proposes a saturation-based whitecapping expression that is an adapted version of the formulation developed by Alves and Banner (2003) . This expression is combined with the wind input formulation proposed by Yan (1987) . The whitecapping expression of Van der Westhuysen (2007) is composed of two parts, namely a contribution to the dissipation by wave breaking, and a weaker non-breaking contribution: (5) in which f br is a weighting factor determining the changeover from the dissipation of breaking to non-breaking waves. This weighting is a function of the ratio between the spectral saturation B(k) and a threshold saturation level B r : 
Eq. 4 is based on the saturation-based expression of Alves and Banner (2003) , as described in Van der Westhuysen et al. (2007) , and Eq. 5 on the pulse-based expression of Komen et al. (1984) . For the spatial scales considered in the field cases of the present study, only the component in Eq. 4 is relevant. The parameter p is a function of the inverse wave age u * /c, based on scaling arguments involving a spectral balance between the wind input, whitecapping and nonlinear interaction terms:
In Van der Westhuysen (2007) , the parameters of Eq. 4 were calibrated to C ds = 5.0 10 -5 and B r = 1.75 10 -3 respectively.
Ris and Holthuijsen (1996) As discussed in Section 1, RH96 show that the default pulse-based whitecapping expression of Komen et al. (1984) does not provide sufficient wave breaking dissipation in situations of strong opposing current gradients. They demonstrate that the addition of a dissipation term based on the bore-based breaker model of Battjes and Janssen (1978) to Eq. 2 is effective in the modelling of the rapid dissipation occurring near the blocking point. This expression reads:
where s is the mean wave steepness, the mean relative radian frequency and k the mean wave number, defined as 2 2 1 00 1 ,
The proportionality coefficient C'' ds = BJ = 1. The variable Q b is the fraction of breaking waves, computed as 
The limiting steepness s max is set to 0.14, based on Miche's criterion for the limiting steepness of an individual breaker. We note that Chawla and Kirby (1998) show that when propagating on a counter current, waves can break at a lower steepness than this. RH96 demonstrate that Eq. 8 enhances the dissipation for waves exceeding a mean steepness of s = 0.08, such as can occur in strong adverse currents.
Enhanced saturation-based dissipation
In Section 1 it was argued from observational evidence that a bore-based approach is not the most suitable for modelling current-induced wave breaking, and that a dependence on mean wave steepness can be problematic in field situations that include inherently steep young wind sea. It is therefore proposed that the form of the saturation-based whitecapping expression Eq. 4 be applied to model the enhanced dissipation term S wc,cur in Eq. 2. In order to isolate the contribution of currents in the increased steepness and resulting dissipation, the degree of enhanced dissipation by Eq. 4 is scaled with the normalised propagation speed of the relative radian frequency in frequency space, given by c / . Dimensional analysis then yields: 
where the propagation speed c is given by (e.g. Whitham 1974) :
in which d is the water depth and r the space coordinate in the wave propagation direction. In the present study, the focus is on the changes in c due to gradients in the current. For simplicity, the shallow water scaling factor have relatively little effect, has been dropped in Eq. 12. A maximum function is included in order to take only relative increases in steepness into account in the enhanced dissipation. Note that this can also occur for negative gradients in following current, although overall dissipation levels would typically be lower. The parameterizations of B r and p are taken similar to those of Eq. 4. Hence, Eq. 12 contains one additional calibration parameter relative to Eq. 4, namely the proportionality coefficient C'' ds . Its calibration is considered in Section 3.
Model settings
The computations presented here were performed using the SWAN model version 40.72ABC, in stationary third-generation mode. For the deep water physics, the combination of wind input S in and saturation-based whitecapping S wc proposed by Van der Westhuysen (2007) was applied. Quadruplet nonlinear interaction S nl4 was modelled using the Discrete Interaction Approximation (DIA) of Hasselmann et al. (1985) . The shallow water source terms include triad nonlinear interaction S nl3 according to Eldeberky (1996) and bottom friction according to Hasselmann et al. (1973) , both with their default settings in SWAN. For depth-induced breaking S brk , the biphase breaker model of Van der Westhuysen (2010) was applied, with the extension proposed by Van der Westhuysen (2009) . Hereafter, these settings will be referred to as the default model. Two further variants are studied, featuring the additional expressions for enhanced current-induced dissipation presented above. The curvature-based convergence criteria of Zijlema and Van der Westhuysen (2005) are applied.
Data sets
In order to assess the performance of the proposed expression for wave dissipation on counter current, a data set of laboratory and field cases has been assembled, which is presented below. Lai et al. (1989) investigated the transformation of the wave spectrum under strong adverse currents in a flume 8 m in length and 0.75 m in depth. A current flow was induced along the flume, which was contracted by the presence of a shoal, resulting in an increase in the current velocity from U = -0.13 to -0.22 m/s over the shoal. Waves were mechanically generated at the downstream end of the flume. In the case considered here, the incident wave field had a significant wave height of H m0 = 0.019 m and a mean period of T m01 = 0.5 s. This resulted in a partially blocking situation with U/c g = 0.52 at the spectral peak. The observed significant wave height decreases strongly over the shoal due to partial blocking by the counter current. At the same time, the observed absolute mean wave period increases going over the shoal. This increase in the mean period is due to the blocking of wave components with absolute frequencies higher than approximately 2 Hz.
Lai et al. (1989) flume experiment

Suastika et al. (2000) flume experiment
Suastika et al. (2000) and Suastika and Battjes (2009) studied partial and full wave blocking using a 35 m long flume, with a 12 m measurement section at its centre. Three of these cases are considered here, all involving partial blocking with U/c g = 0.47 at the spectral peak. Waves were mechanically generated at the one end of the flume. A water head difference induced current flow along the flume, running in the up-wave direction. At the measurement section, the flow was con- tracted by an inner flume wall and bottom. The discharge entering at the upstream (down-wave) end was gradually withdrawn through the bottom of the inner flume by pumps, creating a counter-current that reduced approximately linearly to zero in the up-wave direction. The perforated bottom of this inner flume allowed withdrawal of discharge into the adjacent outer half of the flume, which acted as a sump for the suction pumps. However, the presence of this false bottom had the disadvantage of introducing an additional source of dissipation, which was accounted for using an empirical percolation dissipation term (see Suastika 2004; Suastika and Battjes 2009) . A further term for dissipation due to side wall friction proposed by these authors was not included here.
Amelander Zeegat
Conditions in the Dutch Wadden Sea are represented by a collection of 27 stationary cases taken from NW and W storms occurring over the Amelander Zeegat (Fig. 2) during 2007. The NW storms feature high water levels (up to 2.6 m NAP) combined with high winds of 11.8 to 18.5 m/s from predominantly 320-331 N, whereas the W storms feature equally high winds of 11.9 to 20.3 m/s from 264-279 N. During the NW events, the wind and offshore waves were directed more or less straight into the tidal channel. Although during W events the wind direction was not parallel to the tidal channel, offshore waves turn and propagate into the tidal channel by refraction over the ebb tidal delta. During these events, two arrays of wave buoys were placed along transects through the tidal inlet, making them well-situated to record conditions of wave-current interaction. Current information, which was not observed, was computed using the hydrodynamic model Delft3D.
CALIBRATION
The expression for enhanced dissipation Eq. 12 features one calibration parameter, namely the proportionality coefficient C'' ds , the calibration of which is considered next. The laboratory flume cases of Lai et al. (1989) and Suastika et al. (2000) were used for this purpose. Fig. 3 presents the cali- Fig. 3 presents the variation of this error function with C'' ds for the total calibration data set, and for each of the two subsets it is composed of. Panels (b) and (c) both show that the error has a (local) maximum at a value of C'' ds = 0 in the individual calibration subsets, indicating the importance of including the dissipation term Eq. 12. The data sets furthermore display a relatively high sensitivity to the coefficient C'' ds in the range 0 < C'' ds < 0.5, demonstrating the impact of applying Eq. 12. The calibration result for the total calibration data set (panel (a)) gives an optimal setting of C'' ds = 0.65. Fig. 4 presents the calibration results in terms of spatial evolution for two of the above cases, with the results for the RH96 expression included for comparison. The left-hand panels of Fig. 4 show the calibration results (with C'' ds = 0.65) for a partial blocking case of Suastika et al. (2000) . A significant improvement in the significant wave height over that of both the default and RH96 models is found. The mean wave period is predicted less accurately, however, showing an overestimation going towards the partial blocking region. Inspection of the frequency spectra reveals that this is due to an overestimation of the frequency downshift of spectral components in SWAN (not shown). For the flume case of Lai et al. (1989) , the strong overestimation of the significant wave height and the underestimation of the mean period with the default model are corrected using Eq. 12 (Fig. 4 , righthand panels). This improvement is similar to that found with the RH96 expression.
The default version of SWAN applies the linear dispersion relation in the propagation part of Eq. 1. Since Chawla and Kirby (2002) report an influence of nonlinear dispersion in wave blocking situations, the sensitivity of the present results to the application of Stokes third-order dispersion was investigated. It was found that for the present partial blocking flume cases, the addition of nonlinear dispersion in the default model moved the partial blocking region further upstream, but that the strong overestimation of H m0 along the flume remains (not shown). Nonlinear dispersion could therefore not explain the observed overestimations, and was therefore omitted in the remainder of the study.
VALIDATION
Having calibrated Eq. 12, its performance is evaluated on the basis of the validation data set of NW and W storms recorded in the Amelander Zeegat inlet during 2007, and compared with the performance of the RH96 expression. The conditions in these cases are equally distributed between opposing and following current in the inlet, with a number of opposing current cases exceeding 1 m/s. Scaled with the wave group velocity, maximum opposing relative current speeds of around U/c g = 0.4 are found, which are still relatively far from the blocking point. In addition to the settings given in Section 2.3, the modelling of these cases also feature the process of diffraction, which is modelled here using the phase-decoupled expression of Holthuijsen et al. (2003) . The centre column of Figure 5 presents the simulation results of the default model with the addition of the RH96 expression. With this additional term, the overestimation of the significant wave height at the buoys AZB32/42/52 in the channel is reduced to 4%. However, the integral parameters at the buoys in the shallow interior (AZB41/51/61/62) are now structurally underpredicted. This is seen, for example, in the underprediction of the higher values of H m0 /d associated with this region (bottom panels). For these buoys, inherently steep, young wind sea is excessively dissipated by RH96. As a result, the overall statistics of this model variant are poorer than those of the default model.
The right-hand column of Fig. 5 presents the corresponding results for the default model in combination with the enhanced dissipation Eq. 12, using the calibrated value C'' ds = 0.65. The general performance of the model can be seen to be similar to that of the default model, although with some deterioration of the overall statistical scores. However, for the channel buoys AZB32/42/52 the 9% overestimation in H m0 found with the default model is now corrected (top panels). The improvement is the most pronounced for the cases of the November 2007 storm, for which a number of data points were overestimated using the default model. For the January/March 2007 storms, similar, although less pronounced improvement in predicted significant wave heights is found. However, importantly, application of Eq. 12 does not significantly deteriorate the model results of the younger wind sea over the tidal flats, as is the case with the RH96 expression (compare bottom panels showing H m0 /d ratio). The overall error statistics of H m0 and H m0 /d now show a greater negative bias due to the correction of the overestimated wave heights at the channel buoys. This result suggests the need for further development or recalibration of the remaining source terms, now including the current-induced dissipation term in Eq. 2. Finally, Fig. 5 shows that the results for the absolute mean period T m-1,0 are rather insensitive to the application of Eq. 12, with only a slight reduction in the overall bias.
Figures 6 and 7 present examples of the frequency spectra (in terms of absolute frequency) at the wave buoys AZB42 and AZB61 in the Amelander Zeegat (see Fig. 2 ) produced by the three model variants. Fig. 6 shows three cases for which the buoy AZB42 in the tidal channel is subjected to opposing ebb current. At this buoy, the default model can be seen to overestimate the wind sea growth, with an overestimation of both the total variance and the peak frequency. Application of the enhanced dissipation expression of RH96 yields some improvement at the buoy location AZB42, but still over- estimates the observations. By contrast, at the buoy AZB61, located on the tidal flats, the RH96 model significantly underestimates the growth of the young wind sea, as was seen in the scatter plots in Fig. 5 above. The model run featuring the enhanced whitecapping expression of Eq. 12 yields a better prediction at AZB42 in the tidal channel than either the default or the RH96 variants, although the position of the peak frequency is still not predicted well. However, unlike with the RH96 expression, the results at AZB61 are mostly unaffected, as desired. Fig. 7 presents examples of frequency spectra for various flood situations in the Amelander Zeegat. For these cases, the default model reproduces the observed spectra fairly well. Since waves are elongated under the influence of a positive gradient in the following current, they are not expected to become steeper and break, and hence the enhanced whitecapping dissipation considered here is not expected to have any effect. Indeed, at the buoy location AZB42, the model results have only a small sensitivity to the application of either the RH96 or the proposed dissipation expressions, as desired. An exception is found for the case 18/03/2007 at 17:00. Here a number of spectral directions experience opposing current gradients, and hence are dissipated by Eq. 12, resulting in lower spectral densities at AZB42 than with the default model. As seen above, the RH96 expression yields strong underestimations at the buoy AZB61 on the tidal flats. By contrast, the model variant featuring the enhanced dissipation Eq. 12 has only a limited impact on the results at this location. It should be noted, however, that in some cases neither the default model, nor the proposed variant manages to correctly predict the peak spectral densities at AZB61. Correction of these inaccuracies is considered to be beyond the scope of the present study.
CONCLUSIONS
The objective of the present study was to correct the overestimation of wave heights on opposing current gradients in SWAN, as found in the tidal channels of the Wadden Sea. The model inaccuracy was addressed by the development of a formulation for the enhanced breaking dissipation of waves that is related to the degree of their current-induced steepening. This formulation was calibrated and validated for a range of laboratory and field situations. The following conclusions can be drawn from the results of this study:
1. Using a diverse set of laboratory and field cases, the results of this study confirm that the default SWAN model overestimates significant wave heights in the presence of opposing current gradients, as found earlier by Ris and Holthuijsen (1996) . Experimental observations of wave breaking near the blocking point suggest that this model inaccuracy is due to an insufficient degree of steepness dissipation (whitecapping) under these conditions. 2. The results of this study confirm that the addition of enhanced whitecapping dissipation according to Ris and Holthuijsen (1996) improves results for laboratory cases. However, as shown by Ris (1997) , this expression leads to underestimation of young wind sea due to its inherent high steepness. This results in significant underestimation of locally-generated wind sea over the tidal flats in the Wadden Sea interior. 3. A new formulation for the enhanced dissipation of waves on counter current is proposed which is based on the saturation-based formulation of Van der Westhuysen et al. (2007) , and scaled with the degree of Doppler shifting per spectral component, which is related to the current-induced steepening of the wave field. This expression contains one additional unknown parameter, which was calibrated to a value of C'' ds = 0.65 using laboratory and field observations. 4. Validation of the proposed enhanced dissipation term for a data set of Amelander Zeegat field cases shows that the overestimation of significant wave heights at the channel buoys under opposing current is corrected. The satisfactory prediction of the mean period T m-1,0 is retained. For situations with following current, no significant deterioration of results is found. In particular, the results for the locally-generated wind sea on the tidal flats are not significantly affected, unlike with the expression of Ris and Holthuijsen (1996) .
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